1. Introduction {#sec0005}
===============

Disinfection of microbially contaminated water is a crucial step in water purification because the presence of waterborne pathogenic microbes has been linked to various diseases in humans. The presence of these bacteria in surface and ground water has rendered water in some parts of the world unsafe for drinking purposes, as they are the leading causes of several illnesses \[[@bib0005], [@bib0010]\]. Microbial contaminants have been identified to include human pathogens and free-living microbes \[[@bib0015], [@bib0020]\] with their primary sources being through domestic activities and agricultural processes [@bib0010]. In essence, there is a high likelihood of most water sources being contaminated by these microbial entities. The public health implication of microbial water pollution is, therefore, attracting wide attention.

It is reported that on an annual basis, millions of children worldwide die as a consequence of ingesting harmful pathogens in drinking water. Developing and developed countries of the world continue to face the problem of microbial contamination of water with Africa and Asia being the worst hit when compared to Europe [@bib0025]. Cholerae (*Vibro)*, typhoid fever (*Salmonella*) and dysentery (*Shigella*) are the major water-borne diseases in the developing countries. Meanwhile, acute gastroenteritis (enteric viruses), Cryptosporidiosis (*Cryptosporidium)*, and legionellosis (*Legionella)* are the major water-borne problems in Europe and US, and these arise majorly due to water distribution problems \[[@bib0030], [@bib0035]\].

Several treatment options have been considered and applied in the disinfection of water polluted with harmful pathogens; some of these treatments include; chemical disinfection, magnetic field, membrane filtration and adsorption \[[@bib0040], [@bib0045], [@bib0050]\]. Apart from the fact that chemical treatment with chlorine results in harmful and carcinogenic disinfection by-products [@bib0055], it is now implicated in the formation of chlorine-induced antibiotic resistance exhibited by bacteria \[[@bib0060], [@bib0065]\]. Membrane filtration, though very useful for disinfection of water, suffers from fouling which results in frequent replacement of the membranes that raises the cost of the entire treatment process. Recently, adsorption technique has been a favoured method to remove bacteria and viruses in water due to its simplicity, high efficiency, relatively cheap, easily regenerated and readily available [@bib0070]. Furthermore, adsorption process does not produce toxic disinfection by-products unlike in chemical disinfection methods.

From the preceding, there is an obvious need for increased attention aimed at getting rid of these microbes in drinking water to make the water safe for drinking. Several adsorbents have been evaluated for adsorption, some of which include both conventional and non-conventional materials [@bib0075] but over time nanoparticles have found wide acceptance for the removal of bacteria from water \[[@bib0080], [@bib0085], [@bib0090]\]. However, there are now growing concerns about their toxicity both to man and the environment, especially with silver-mediated nanoparticles \[[@bib0080], [@bib0095], [@bib0100]\]. This has led to a growing need for materials with excellent treatment capacities, which are non-toxic, cheap and readily available. Our previous studies using *Carica papaya* seeds for the removal of contaminants from water shows how efficient these seeds are \[[@bib0105], [@bib0110]\]. However, they degrade in water with time and thus produce treated water with a foul smell. To circumvent this, we developed a composite from both Kaolinite clay and *Carica papaya* seeds which proved to be an adsorbent with high adsorption capacity for removing inorganic and organic pollutants from water \[[@bib0115], [@bib0120]\], the composite being environmentally friendly with an upscaling potential. However, this material lacked the ability to remove bacteria from water (unpublished study).

In response to the growing need for low-cost but efficient materials for removal of bacteria from water and in an effort to build on our previous work, this study report the successful preparation of a new class of composite adsorbents from a mixture of Kaolinite clay, chitosan, ZnCl~2~, Alum \[KAl(SO~4~)~2~.12H~2~O\] and *Carica papaya* seeds via oven and microwave assisted conditions. Both Zn and Chitosan have antibacterial properties. The introduction of Zn into the composites is to improve the disinfection property of the composites since Zn is biocidal. Even though Zn is biocidal yet it is found in cells throughout the body. It is needed for the body\'s defensive (immune) system to properly work. It plays several other roles in the human body which include cell division, cell growth, wound healing, and the breakdown of carbohydrates. Zinc is also needed for the senses of smell and taste. It was used in preparing the materials utilised in this study, and it is not in any way harmful to human health in the event that it leaches into solution. An initial study of the analysis of Zn in water treated with Zn modified hybrid clay material suggests that the amount of Zn leached into treated water is far below WHO standard limit for Zn in drinking water [@bib0125]. Alum, on the other hand, has been used as a flocculant in water treatment but is used as a cheap source of Aluminium (Al) in this study in order to study the influence of Al in the composite on the removal of harmful pathogens from water. The composite adsorbents prepared in this study were used to rapidly remove enteric bacteria (*E. coli, S. typhi and V. cholerae*) from contaminated water. The raw materials for the preparation of these composite adsorbents are readily available and cheap to obtain. The entire disinfection process is straightforward and sustainable.

2. Materials and methods {#sec0010}
========================

2.1. Materials {#sec0015}
--------------

Kaolinite clay was obtained from the Redemption Camp, Mowe, Ogun State, Nigeria. The clay mineral was purified according to a method described by Adebowale et al. [@bib0130]. *Carica papaya* seeds and commercial Alum \[KAl(SO~4~)~2~.12H~2~O\] were obtained from the open market in Nigeria. Low molecular weight Chitosan (Sigma-Aldrich) with 77% deacetylation and ZnCl~2~ (Sigma-Aldrich) were supplied by Bristol Scientific Company, Nigeria. The test microorganisms *Escherichia coli* (ATCC 25922), *Vibro cholerae* (ATCC 25837), and *Salmonella typhimurium* (ATCC 13311) were obtained from the Biological Sciences Department, Redeemer's University, Ede, Nigeria.

2.2. Synthesis of hybrid clay composite {#sec0020}
---------------------------------------

### 2.2.1. Hybrid clay preparation {#sec0025}

Hybrid clay composite material was prepared via the synthesis route described by Unuabonah, et al. [@bib0115]. Equal weights of Kaolinite clay and papaya seeds were soaked in 0.1 M of NaOH with occasional stirring for three days. The mixture was oven dried at 105 °C and calcined in a furnace at 300 °C for 6 h. The calcined material was washed with distilled water until neutral pH and was subsequently sieved to an average size of 50 μm. This composite material was labelled as *nHYCA*.

### 2.2.2. Modified hybrid clay composites {#sec0030}

Chitosan modified hybrid clay composite was prepared using the method described by Silver, et al. \[50\]. Chitosan powder (1 g) was dissolved in 5% CH~3~COOH with heating and stirring at 45 °C for 2 h. The chitosan solution was then slowly added to a suspension of either 3 g or 5 g nHYCA material with stirring. The mixture was stirred for 24 h at 55 °C. The thick slurry formed was allowed to cool to room temperature. A 1 M NaOH solution was subsequently used to precipitate the chitosan-nHYCA (Ch-nHYCA) composite adsorbent from solution. The precipitate was filtered and washed with 0.01 M HCl solution and distilled water to a neutral pH. The Ch-nHYCA composite adsorbent was dried in an oven at 60 ^o^C, and after which it was crushed with a mortar and pestle to fine particles and kept for further use. The composite prepared with 2 g and 5 g nHYCA were labelled as Ch-nHYCA**~1:2~** and Ch-nHYCA**~1:5~** composite adsorbents respectively.

Alum modified hybrid clay composite (Al-zHYCA) was prepared by forming a slurry from different weights of Kaolinite clay, *Carica papaya* seeds, ZnCl~2,~ NaOH, and commercial alum in the ratio 1:1:1:1:1 and 1:1:1:1:2 wt/wt respectively using distilled-deionized water. The slurry was transferred into a porcelain crucible and heated in a microwave oven at 540 Hz for 15 min. The composite adsorbent was left to cool to room temperature and washed with distilled-deionized water to neutral pH. The samples were dried in an oven at 105 °C and were subsequently labelled as Al-zHYCA**~1:1~** and Al-zHYCA**~2:1~** composite adsorbents based on the ratio of Alum to other components in the composites.

However, for Chitosan-zinc modified HYCA, zinc-modified hybrid clay (zHYCA) was first prepared by forming a slurry from equal weights of Kaolinite clay, *Carica papaya* seeds and ZnCl~2~ which was then transferred into a porcelain crucible and heated in a microwave oven at 540 Hz for 15 min. The material produced (zHYCA) was washed several times with distilled-deionized water until a clear solution was obtained and then transferred into an oven to dry at 105 °C. The dried product was surface-modified with Chitosan in ratios of 1:1 and 1:2 wt/wt (chitosan: zHYCA) in a similar manner as that for Ch-nHYCA composite adsorbents earlier described.

2.3. Characterization {#sec0035}
---------------------

The composite adsorbents prepared were characterised using different characterization techniques. The morphology and elemental composition of the prepared composites were analysed using a JEOL JSM 6510 Scanning electron microscope equipped with an Oxford EDX spectrometer.

X-ray diffraction (XRD) patterns were recorded from 3.0 to 70° 2θ on a Siemens D-5000 diffractometer at 0.02° S^−1^. The Fourier transformed infrared spectroscopy spectra of the composites were recorded using a Shimadzu FT-IR 8400S machine.

The point of zero charges (pH~pzc~) of the composites, which is the pH at which the difference between the initial and final pH (ΔpH) is zero, was determined by the salt addition method described by Unuabonah et al. [@bib0115].

2.4. Antibacterial activity studies {#sec0040}
-----------------------------------

Adsorption capacities of the prepared composite adsorbents for removal of test enteric bacteria (*E. coli, S. typhi* and *V. cholerae*) were determined by batch adsorption technique.

To obtain the concentration for the three test enteric bacteria: *E. coli, S. typhi,* and *V.* cholera, an initial efficiency test was carried out using a modified method described by Karunakaran & Vinayagamoorthy, [@bib0135]. Nutrient broth cultures were prepared by dissolving 13 g of nutrient broth in 1 L of distilled water, followed by sterilisation in an autoclave at 121 °C. The bacteria were inoculated into nutrient broths from a 'bijou' bottle and incubated for 24 h at 37 °C. The bacteria cells were measured using a Shidmazu UV 1650 pc spectrophotometer at 600 nm. The cells were harvested by centrifugation at 3000 rpm for 15 min and washed twice with sterile distilled water. The obtained bacterial cells were dispersed in sterile distilled water and the amount of colony forming units/mL (cfu/mL) obtained was determined by optical density technique with all three test bacteria given a concentration of ca. 1 × 10^8^ cfu/mL using Eq. (1) for the calculation. This concentration was used for the initial efficiency test for the composite adsorbents prepared in which 30 mg of the composite adsorbent was added to 10 ml of 1 × 10^8^ cfu/mL bacteria concentration at a pH of 7.08 and agitated for 6 h. The mixture was allowed to settle via sedimentation, and the supernatant solution was evaluated for the presence of bacteria using the optical density method that utilises a UV spectrophotometer at 600 nm. The process was repeated twice, and the percentage residue of the bacteria was determined from the average optical density readings. The result from this step was used to determine the most efficient adsorbent that was subsequently used for adsorption studies.

2.5. Adsorption equilibrium studies {#sec0045}
-----------------------------------

Adsorption equilibrium studies were done by carrying out serial dilutions with the stock concentration of 1 × 10^8^ cfu/mL for each bacterium, in other to prepare the various concentrations of bacteria in the range of 35 mg/L to 1000 mg/L using Eq. (2).

The batch adsorption technique was used. Based on the results from initial efficiency test, 30 mg of Ch-nHYCA**~1:5~** composite adsorbent (being the most efficient test composite adsorbent) was used for further experiments to remove the bacteria from 10 ml solution of a known concentration of the bacteria in aqueous solutions at room temperature and at a pH of ca. 7.1. The mixture was agitated for 6 h in a rotatory shaker and then allowed to sediment. The concentration of bacteria in the supernatant test solution at equilibrium was then measured using the optical density method at 600 nm in a UV 1650 pc spectrophotometer (Shimadzu). The amount of bacteria adsorbed by the adsorbent (*q~e~*) was calculated using Eq. (3).$$q_{e} = \frac{\left( {C_{o} - C_{e}} \right) \times V}{w}$$

Where q~e~ (mg bacteria/g adsorbent) is the adsorbed amount of bacteria held on the composite adsorbent, C~o~ (mg bacteria/L solution) and C~e~ (mg bacteria/L solution) are initial, and equilibrium concentrations of bacteria in solution, *V* (L) is the volume of bacteria solution, and *w* (g) is the weight of the dry composite adsorbent.

To obtain the concentration of the bacteria in mg/L, we first convert absorbance values obtained to g/L using Eq. (2) and subsequently to mg/L by multiplying the value obtained in g/L by 1000.

The equilibrium data obtained were fitted to five non-linear adsorption isotherm models: Freundlich, Langmuir, Brouer-Sotolongo, Sips and Jovanovic isotherms as described in section [2.6](#sec0050){ref-type="sec"}. All equilibrium plots were made using KyPlot^®^ version 2.0 software.

2.6. Isotherm models {#sec0050}
--------------------

### 2.6.1. Freundlich isotherm {#sec0055}

Freundlich isotherm model is based on equilibrium adsorption of adsorbate onto heterogeneous surfaces. This model is based on the assumption that the adsorption sites are evenly distributed exponentially with respect to heat of adsorption [@bib0150]. The model equation is given as:

Where *q~e~* is the maximum adsorption capacity of the bacteria (mg/g), *n~F~* is the Freundlich isotherm constants related to adsorption intensity, *K~f~* is the Freundlich isotherm constants related to adsorption capacity of the composite adsorbent (mg bacteria/g adsorbent) and *C~e~* is the equilibrium concentration of the bacteria in solution (mg bacteria/L solution).

### 2.6.2. Brouers-Sotolongo isotherm {#sec0060}

This isotherm is given by a deformed exponential (Weibull) function [@bib0155]. Its expression is given by:Where *q~e~* is the maximum adsorption capacity of the composite adsorbent (mg bacteria/g adsorbent), *q~max~* is the saturation value (mg bacteria/g adsorbent), *K~w~* = K~F~/Q~max~ (where *K*~*F*~ is the low *C*~*e*~ Freundlich constant, for a given temperature), *C~e~* is the equilibrium concentration of the bacteria in solution (mg bacteria/L solution), and *α* is a measure of the width of the sorption energy distribution and therefore of the energy heterogeneity of the sorbent surface.

### 2.6.3. Jovanovic isotherm {#sec0065}

The assumption of this isotherm is similar to that considered by Langmuir isotherm which assumes a monolayer adsorption on the surface of the adsorbent. Jovanovic is represented by another approximation for monolayer localised adsorption without lateral interactions [@bib0160].

Where *q~e~* is the maximum adsorption capacity of the composite adsorbent (mg bacteria/g adsorbent), *q~m~* is the maximum saturation value of the composite adsorbent (mg bacteria/g adsorbent), *C~e~* is the equilibrium concentration of the bacteria in solution (mg bacteria/L solution), and *k~j~* is Jovanovic isotherm constant.

### 2.6.4. Langmuir isotherm {#sec0070}

Langmuir isotherm is valid for monolayer adsorption onto a surface containing a finite number of identical sites. The model assumes uniform energies onto the surface [@bib0165]. The Langmuir model is represented by the equation:

Where *C~e~* is the equilibrium concentration of the bacteria in solution (mg bacteria/L solution), *q~e~* is the amount of bacteria adsorbed per gram of the adsorbent at equilibrium (mg bacteria/g adsorbent), *q~max~* is the maximum monolayer coverage (mg bacteria/g adsorbent), and *K~L~* is the Langmuir isotherm constant (L/mg bacteria)

### 2.6.5. Sips isotherm {#sec0075}

To circumvent the limitation of the increasing adsorbate concentration associated with the Freundlich isotherm model, the Sips isotherm combins the Langmuir and Freundlich expressions for modeling a heterogeneous adsorption system \[[@bib0170], [@bib0175], [@bib0180]\]. The mathematical expression for the isotherm is given below:

Where *K~s~* is the maximum adsorption capacity of the composite adsorbent (mg bacteria/g adsorbent), *C~e~* is the equilibrium concentration of the bacteria (mg bacteria/L solution), β*~s~* is the dimensionless heterogeneity factor, and *a~s~* is Sips equilibrium constant (1/mg)

3. Results and discussion {#sec0080}
=========================

3.1. Physicochemical analysis of composite adsorbents {#sec0085}
-----------------------------------------------------

### 3.1.1. X-ray diffraction {#sec0090}

[Fig. 1](#fig0005){ref-type="fig"} presents the X-ray Diffraction profiles of raw Kaolinite and Ch-nHYCA**~1:5~**, Ch-zHYCA**~1:2~** and Al-zHYCA**~2:1~** composite adsorbents. The raw Kaolinite clay shows characteristic reflections for Kaolinite at 2θ 12.8° and 25.0° corresponding to reflections from 001 and 002 \[JCPDS card no. 29--1488\] \[[@bib0185], [@bib0190]\] respectively. Other main reflections of Kaolinite observed were 2θ 35.5°, 38.7°, 45.9°, 55.4° and 62.3° [@bib0195].Fig. 1X-ray diffraction of (a) Kaolinite (b) Ch-nHYCA**~1:5~** (c) Ch-zHYCA**~1:2~** (d) Al-zHYCA**~2:1~** composite adsorbents.Fig. 1

Reflections corresponding to the quartz phase were also observed in the spectra of the raw Kaolinite ([Fig. 1](#fig0005){ref-type="fig"}a) at 2θ 21.0°, 26°, 50.96°, and 68.2° \[[@bib0200], [@bib0205]\] \[JCPDS card no. 46--1045\] [@bib0210]. However, the three composites show patterns similar to that of kaolinite clay ([Fig. 1](#fig0005){ref-type="fig"}b-d), thus confirming that the Kaolinite clay phase was still retained in the composite materials since they were not heated above 600 °C where Kaolinite is expected to undergo a phase transformation to metakaolin [@bib0215].

On the other hand, the significant difference between the spectra of the Al-zHYCA**~2:1~** composite adsorbent and the raw Kaolinite is the appearance of new inflexions at 2θ 27-36° which contains peaks corresponding to silicate and sulphate phases [@bib0220]. There is also the disappearance of Kaolinite 001 and 002 reflections with the source of sulphate being from the Alum. Similarly, new phases analogous of ZnO and Kalininite (S, Zn) were observed at 2θ 36.3° [@bib0225], 47.3° \[JCPDS card no. 36--1451\] [@bib0230] and 51.8° [@bib0235] in the Al-zHYCA**~2:1~** composite adsorbent. The spectra of the two chitosan modified composite adsorbents (Ch-zHYCA**~1:2~**, Ch-nHYCA**~1:5~**) did show similar new phases with same loss of both 001 and 002 reflections of Kaolinite like in Al-zHYCA**~2:1~** composite adsorbent. It is not well understood what these new peaks are, but they imply that there were some changes in the crystalline structure of Kaolinite clay when it was used in preparing these composite adsorbents.

All of these indicate a change in the crystalline structure of the raw Kaolinite used in the preparation of these composites. The ZnO phase found in the composites is a result of the reaction between NaOH and ZnCl~2~ used in the preparation of the composites as shown in the equation below.

### 3.1.2. Fourier transformed infrared analysis {#sec0095}

The chemical functionalities of prepared composite adsorbents were analyzed using the Fourier Transformed Infrared Spectroscopy (FT-IR). [Fig. 2](#fig0010){ref-type="fig"} shows the FT-IR spectra of the prepared composites.Fig. 2Fourier Transformed-Infrared Spectra of (A) Ch-nHYCA (B) Al-zHYCA (C) Ch-zHYCA composite adsorbents.Fig. 2

In a previous work done by Unuabonah, et al. [@bib0115] the FT-IR spectra of Kaolinite clay and *Carica papaya* seeds were discussed. The raw Kaolinite clay showed characteristic bands at 3697 cm^−1^ and 3622 cm^−1^ which correspond to the inner octahedral structure of Al-O-H bonds. The bands observed at 3441 cm^−1,^ and 1627 cm^−1^ were suggested to be the -O-H stretching and bending vibrations respectively. The bands at 1097 cm^−1^ and 912 cm^−1^ were assigned the Si-O and Al-OH in plane bending vibrations respectively. The peaks in the range 1200--400 cm^−1^ correspond to the presence of Si-O stretching and bending vibrations [@bib0240]. For the *Carica papaya* seeds, a strong peak indicating the presence of phenolics and carboxylic -OH stretching vibration was found around 3402 cm^−1^, while the broad band between 3480 cm^−1^ and 3440 cm^−1^ correspond to the vibrational frequency of -N-H band [@bib0245].

[Fig. 2](#fig0010){ref-type="fig"}A shows the FT-IR spectra of hybrid clay prepared with NaOH (nHYCA), chitosan and chitosan modified hybrid clay in the ratios 1:2 and 1:5 respectively. The FT-IR spectrum of nHYCA composite adsorbent have been well discussed in our previous article [@bib0115]. The FT-IR spectra of the chitosan shown in [Fig. 2](#fig0010){ref-type="fig"}A, the -OH stretching vibration was observed as a broad peak in the range from 3750--3000 cm^−1^, thus overlapping with the -N-H stretching vibration frequency \[[@bib0250]\]. Absorption bands in the region of 1680--1480 cm^−1^ correlates with vibrations of carbonyl bonds (-C=O) of an amide group, CONHR (secondary amide) and those of protonated amide group which occurs at ca. 1574 cm^−1^ [@bib0255]. Vibrational frequencies in the range 1160--1000 cm^−1^ were due to the vibrations from -C-O groups [@bib0260]. Specifically, the peak around 1150 cm^−1^ corresponds to the vibrations of -C-O in an oxygen bridge resulting from deacetylation of chitosan, while the bands within 1080--1025 cm^−1^ are assigned to the vibrations of -C-O-, -C-O-C- and CH~2~OH in ringed systems [@bib0265]. The peak at ∼890 cm^−1^ correlates to the wagging vibration of the saccharide structure of chitosan [@bib0265]. The FT-IR spectra of the composite adsorbents shows that there is a narrowing and an increase in the intensity of the broad peak in the 3750--3000 cm^−1^ range especially with increased amount of chitosan in the composite mix \[[@bib0250], [@bib0270]\]. Although the ratio of chitosan to HYCA was decreased from 1:3 to 1:5 ([Fig. 2](#fig0010){ref-type="fig"}A), there was no observable change in the spectra except that there was an increase in the intensity of 2920 cm^−1^ and 2853 cm^−1^ peaks (asymmetric and a symmetric -C-H stretch of -CH~2~ [@bib0275] respectively) indicating a significant presence of -C-H in the Ch-nHYCA composite adsorbents. The 3697 cm^−1^ and 3622 cm^−1^ peaks which correspond to the inner octahedral structure of Al-O-H bonds from the clay mineral are still visible despite the modification with chitosan. In addition, the FT-IR spectra of the composite adsorbents shows that there is a narrowing of the broad peak in the 3750--3000 cm^−1^ range especially with increased portion of the hybrid clay in the composite mix. This could be associated with reduced freedom of motion of interfacial and polar headgroups of chitosan [@bib0280]. However, there is difference between the shape of this broad band changed in the modified samples and that of nHYCA sample ([Fig. 2](#fig0010){ref-type="fig"}A). This suggests that the inner hydroxyl -OH groups of the Kaolinite clay mineral may be involved in the modification process.

[Fig. 2](#fig0010){ref-type="fig"}B shows the FT-IR spectra of the synthesized microwave assisted Zn-doped hybrid clay composite adsorbent (zHYCA) and the alum modified zHYCA (Al-zHYCA**~1:1~**, Al-zHYCA**~2:1~**). The spectra of zHYCA showed peaks that are characteristics of both Kaolinite clay and papaya seed as described by Unuabonah et al. [@bib0115]. However, the presence of -C-H (2922 cm^−1^) in the papaya seed and Si-O bending vibration (1097 cm^−1^) of the Kaolinite clay suggests a possible interaction between the Kaolinite clay and papaya seed. The change in the shape of the peak between 3600--3100 cm^−1^ in the Al-zHYCA adsorbents when compared with zHYCA adsorbent suggests an interaction between the alum and the zHYCA composite. The shift in the Si-O vibration for Kaolinite from 1097 cm^−1^ [@bib0115] to 1038 cm^−1^ for Zn-doped HYCA, 1058 cm^−1^ for Al-zHYCA**~1:1~** and 1083 cm^−1^ for Al-zHYCA**~2:1~** composite adsorbent is an indication of a chemical interaction between Al/Fe (from the commercial Alum) and Si-O. Increasing the ratio of aluminium in the composites from 1 to 2 tend to reduce the intensity of the 2922 cm^−1^ peak of -C-H stretching vibration ([Fig. 2](#fig0010){ref-type="fig"}B). The change in the shape of the -O-H bending vibration with increasing Al may be attributed to the presence of a new type of -O-H which is likely a contribution from Al.

[Fig. 2](#fig0010){ref-type="fig"}C shows the FT-IR spectra for chitosan modified Zn-doped HYCA adsorbent prepared via the microwave-assisted technique. The FT-IR of the composite adsorbents shows similar patterns with only a slight shift in the position of the bands due to the presence of chitosan in the composites. On changing the ratio of chitosan:zHYCA in the composite adsorbent from 1:1 to 1:2, there is an observed reduction in the intensity of -C-H asymmetric and a symmetric stretch of −CH~2~ usually found around 2920 cm^−1^ and 2853 cm^−1^ [@bib0275]. Broadening of the -C=O stretching vibration of secondary amine in chitosan at 1647 cm^−1^ was observed in both Ch-zHYCA**~1:1~** and Ch-zHYCA**~1:2~** composite adsorbents with a ZnO peak at 459 cm^−1^ ([Fig. 2](#fig0010){ref-type="fig"}C).

However, the 1:1 composite adsorbents showed very poor efficiency in the removal of bacteria from water during a preliminary study with these adsorbents. They are, therefore, no longer referred to in the course of discussion in this article.

### 3.1.3. Surface morphology analysis {#sec0100}

[Fig. 3](#fig0015){ref-type="fig"} shows the scanning electron microscope images of prepared composite adsorbents, raw Kaolinite and *Carica papaya* seeds. The flaky nature of the Kaolinite clay surface is observed to have undergone significant alteration due to the chemical and thermal treatment which the materials have been subjected to. The morphology of Ch-nHYCA**~1:5~** adsorbent shows a homogeneous composite with particle structure that is irregular and different from those of the originating Kaolinite clay ([Fig. 3](#fig0015){ref-type="fig"}A). The particles of Al-zHYCA**~2:1~** composite adsorbent appear lumped together ([Fig. 3](#fig0015){ref-type="fig"}B) while those of Ch-zHYCA**~1:2~** show a heterogeneous structure ([Fig. 3](#fig0015){ref-type="fig"}C). To confirm the presence of certain elements in Ch-nHYCA**~1:5~**, Ch-zHYCA**~1:2~**, and Al-zHYCA**~2:1~** composite adsorbents, they were analyzed using the elemental mapping mode of the Scanning Electron Microscopy equipment.Fig. 3Scanning Electron Microscopy Images of (A) Ch-nHYCA**~1:5~** (B) Al-zHYCA**~2:1~** (C) Ch-zHYCA**~1:2~** composite adsorbents (D) carica papaya seed and (E) Raw Kaolinite.Fig. 3

[Fig. 4](#fig0020){ref-type="fig"}a shows the elemental mapping image and a cross-section of the elemental distribution in Ch-zHYCA**~1:2~** composite adsorbent. The image confirm the presence of Zn (from the ZnCl~2~ used for activation) and C (from chitosan) indicating the successful modification of the HYCA material with Chitosan. The elemental mapping images also showed the presence of Ti, Fe, K, and Ca (not shown) which are elements typically present in Kaolinite clay in trace amounts [@bib0285]. Zn in the composite material appears not to be evenly distributed in the sample while carbon is localized in certain areas of the sample.Fig. 4Elemental mapping images (Ei) and surface distribution of some elements in (A) Ch-zHYCA**~1:2~** composite adsorbent. (B) Ch-nHYCA**~1:5~** composite adsorbent. (C) Al-zHYCA**~2:1~** composite adsorbent.Fig. 4

However, with Ch-nHYCA**~1:5~** composite adsorbent, the presence of carbon (C) evenly distributed on the surface of the material with a few dense spots of C ([Fig. 4](#fig0020){ref-type="fig"}b) confirms the success of the modification of nHYCA with chitosan.

For the alum modified zHYCA composite (Al-zHYCA**~2:1~**), the presence of sulphur (S) and potassium (K) both confirmed the presence of Alum \[KAl(SO~4~)~2~.12H~2~O\] in the bulk of the composite adsorbent ([Fig. 4](#fig0020){ref-type="fig"}c). The presence of Zn also confirms the incorporation of the activating agent (Zn salt) into the bulk of the composite adsorbent.

[Table 1](#tbl0005){ref-type="table"} shows the metal composition of the various composite adsorbents obtained via the Energy Dispersive X-ray. The data in Table 1 was arrived at from the sum of the various data from each site on a sample. The table suggests that Ch-nHYCA**~1:5~** composite adsorbents contain more oxygen than either Ch-zHYCA**~2:3~** and Al-zHYCA**~2:1~** composite adsorbents. The element, P, in both Ch-zHYCA**~1:3~** and Al-zHYCA**~2:1~** composite adsorbents appears to be leached out by NaOH during the preparation of Ch-nHYCA**~1:5~** composite adsorbent. Although, the elements P and K are from *Carica papaya* seeds \[[@bib0290], [@bib0295]\], Ca, Ti and Fe are from Kaolinite clay, they appear to be leached by the preparation process for Ch-zHYCA**~1:2~** and Al-zHYCA**~2:1~** composite adsorbents. The absence of Zn and Cl in Ch-nHYCA**~1:5~** composite adsorbent confirms that ZnCl~2~ was not used in its preparation. The low content of Al in the composite even when zHYCA was modified with commercial alum ([Table 1](#tbl0005){ref-type="table"}) suggests that Al was not significantly doped into zHYCA as expected.Table 1Elemental Composition of Composites by Atomic Percent (%).Table 1ElementCh-zHYCA~1:2~Ch-nHYCA~1:5~Al-zHYCA~2:1~O37.650.8747.37Mg0.561.11-Al7.869.9310.95Si34.0325.0823.97P0.79-0.73Cl0.87-0.68K3.051.431.04Ca14.480.85Ti1.241.560.44Fe1.765.520.82Zn8.29-6.06S\--7.04

### 3.1.4. pH point of zero charge {#sec0105}

[Fig. 5](#fig0025){ref-type="fig"} shows the pH~pzc~ curves for the composite adsorbents. The pH point of zero charge for the zHYCA, Ch-zHYCA~1:2~, Ch-zHYCA~1:1~ is 5.81, 7.44 and 7.17 respectively ([Fig. 5](#fig0025){ref-type="fig"}). This shows that the modification of the zHYCA with chitosan resulted in an increase in the pH~pzc~ of the material. This is in agreement with the findings by Hatice et al. \[[@bib0300]\], who reported an increase in the pH~pzc~ of a Kaolinite clay material from 2.8 to 5.8 when coated with chitosan.Fig. 5pH~pzc~ curve for (A) zHYCA, Ch-zHYCA**~1:1~**, Ch-zHYCA**~1:2~** (B) zHYCA**~,~** Al-zHYCA**~1:1~**, Al-zHYCA**~1:2~** (C) Ch-nHYCA**~1:5~**, Ch-nHYCA**~1:1~** composite adsorbents.Fig. 5

The pH~pzc~ of zHYCA composite adsorbents increased from 5.81 in zHYCA to 6.64 in Al-zHYCA**~1:1~** and 6.91 in Al-zHYCA**~2:1~** composite adsorbents ([Fig. 5](#fig0025){ref-type="fig"}B). This small shift in pHpzc is as a result of the presence of alum which is basic [@bib0305].

For the chitosan doped nHYCA, the Ch-nHYCA~1:1~ gave a pH~pzc~ value of 7.58, the same value reported by Unuabonah et al. [@bib0115] for NaOH-activated hybrid clay composite adsorbent (nHYCA). The pH~pzc~ of the nHYCA is increased to 8.45 on increasing the amount of nHYCA in the composite adsorbent to 5 (Ch-nHYCA**~1:5~**). The small increase in the pH~pzc~ of the Chitosan modified materials confirms that there is an increase in basic groups present on the surface of the composite material due to delocalized π electrons activated via heating and the presence of oxygen containing functional groups acting as Lewis bases [@bib0115], \[[@bib0310], [@bib0315]\].

3.2. Efficiency of removal evaluation {#sec0110}
-------------------------------------

An initial experiment was carried out to determine the anti-bacteria activity of the prepared composite adsorbents (Ch-zHYCA, Ch-nHYCA, and Al-zHYCA) measured against time using a concentration of 52 mg/L (1.3 × 10^7^ cfu/mL) for *E. coli*, 89 mg/L (2.3 × 10^7^ cfu/mL) for *V. cholerae* and 67 mg/L (1.7 × 10^7^ cfu/mL) for *S. typhi*. It was observed that the most efficient composite adsorbent for the removal of these bacteria was Ch-nHYCA**~1:5~** with a maximum adsorption percentage removal value of 17.7% (4.07 × 10^6^ cfu/mL) for *V. cholerae* after 120 min, 15.0% (1.95 × 10^6^ cfu/mL) for *E. coli* after ∼180 min and 19.1% (3.25 × 10^6^ cfu/mL) for *S. typhi* after 270 min ([Fig. 6](#fig0030){ref-type="fig"}A-C).Fig. 6Percentage removal of (A)*V. cholerae* (B) *E. coli*, and (C) *S. typhi by various hybrid clay composite adsorbents.*Fig. 6

Although these percentage removals appear very low, yet they are very significant when compared with the alert/action limit of 500 cfu/mL for these bacteria in water [@bib0320]. In support of this, an experiment was carried out using a lower concentration of *E. coli* (10^3^ cfu/mL) in solution with 2 g of the Ch-nHYCA**~1:5~** composite adsorbent (which gave the best result as seen from [Fig. 6](#fig0030){ref-type="fig"}) at a flow rate of 8 mL/min. It kept the amount of *E. coli* in solution at zero for up to 10 h after which some small amounts of *E. coli* between 10--250 cfu/mL were observed up till 16 h.

From [Fig. 6](#fig0030){ref-type="fig"}, it was observed that when nHYCA, Al-zHYCA**~1:1~,** Ch-zHYCA**~1:1~** and Ch-nHYCA**~1:3~** composite adsorbents were initially used to remove these bacteria from contaminated water, there was no significant removal efficiency (nHYCA and Al-zHYCA**~1:1~** results not shown as they showed the worst efficiencies). However, with the modified composite adsorbents as shown in [Fig. 6](#fig0030){ref-type="fig"} (Ch-zHYCA**~1:2~**, Ch-nHYCA**~1:5~**, and Al-zHYCA**~2:1~**) the quantity of bacteria removed from contaminated water increased with time especially within the first 50 min of the experiment (which is in contrast with ∼8 h as reported by Papaphilippou, et al. [@bib0050]).

3.3. Adsorption capacity study {#sec0115}
------------------------------

Going by the removal efficiency evaluation as shown in [Fig. 6](#fig0030){ref-type="fig"} it is observed that Ch-nHYCA**~1:5~** composite adsorbent shows the best efficiency in the removal of these enteric bacteria throughout all the time used for the study. Subsequently, equilibrium adsorption of these enteric bacteria (*E. coli*, *S. typhi* and *V. cholera*) was studied using Ch-nHYCA**~1:5~** composite adsorbent. Adsorption isotherm models are non-linear curves depicting the adsorption process at constant pH and temperature. Fitting of experimental isotherm data to known mathematical adsorption model plots provides a route for evaluating and predicting the adsorption capacity of an adsorbent. Determination of the appropriate equilibrium adsorption isotherm can help in the evaluation of adsorption capacity of adsorbents, adsorption mechanism pathways, process optimization and efficient adsorption system design [@bib0325].

In this study, five isotherm models were employed: Langmuir, Freundlich, Brouers-Sotolongo (BWI), Jovanovic and Sips isotherms. The non-linear isotherm model fits for the adsorption of *E. coli*, *V. cholerae* and *S. typhi* onto Ch-nHYCA**~1:5~** composite adsorbent are shown in [Fig. 7](#fig0035){ref-type="fig"}A-C and results for the parameters for the various models are shown in [Table 2](#tbl0010){ref-type="table"}.Fig. 7Non-linear curves for the equilibrium adsorption capacity plots for (A) *E. coli* (b) *S. typhi* (C) *V. cholerae* on Ch-nHYCA**~1:5~** composite adsorbent.Fig. 7Table 2Isotherm parameters for *enteric bacteria* adsorption on Ch-nHYCA**~1:5~** adsorbent.Table 2Isotherm Model*E. coliV. CholeraeS. typhi***Freundlich***K~F~ \[(mg/g)(L/mg)^1/n^\]*0.240.220.54*n~F~*1.281.621.1*r^2^*0.92090.93880.9339*Error*1.250.7839.03**Langmuir***q~max~ (mg/g)*25.6213.54308.24*K~L~ (l/mg)*0.00480.00420.0013*r^2^*0.91940.92360.9355*Error*1.280.9738.07**Jovanovic**q~max~ (mg/g)15.6910.27165.77*K~J~*0.00760.00460.0024*r^2^*0.91850.91660.9356*Error*1.31.0638.03**Sips***q~max~ (mg/g)*128.14177.6683.65*a~s~*0.00382.45 × 10-50.0089*b~s~*0.8080.631.6*r^2^*0.92080.93850.9393*Error*1.570.9144.83**Brouers-Sotolongo***q~max~ (mg/g)*103.07154.1864.35*K~w~ (l/mg)*0.0020.00140.0011*α*0.80.631.44*r^2^*0.92080.93860.9389*Error*1.570.9145.07

Although the Freundlich model best described data from *E. coli* and *V. cholerae* adsorption based on *r^2^* values ([Table 2](#tbl0010){ref-type="table"}), its *K~F~* values underestimated the experimental maximum adsorption capacity of Ch-nHYCA**~1:5~** composite adsorbent to remove these bacteria from solutions (*E. coli* 0.24 mg/g = 1.85 × 10^5^ cfu/mL (6.17 × 10^7^ cfu/g) and *V. cholerae* 0.22 mg/g = 1.69 × 10^5^ cfu/mL (5.63 × 10^7^ cfu/g) as against the experimental values of 3.25 × 10^6^ cfu/mL (1.08 × 10^9^ cfu/g) for *E. coli* and 1.95 × 10^6^ cfu/mL (6.50 × 10^8^ cfu/g) for *V. cholerae* as earlier discussed). The Brouers-Sotolongo model which ranks next to the Freundlich model, appropriately describes the maximum adsorption capacity (*q~max~*) of Ch-nHYCA**~1:5~** composite adsorbent for the adsorption of *E. coli* as 103.07 mg/g (7.93 × 10^7^ cfu/mL = 2.64 × 10^10^ cfu/g) and *V. cholerae* as 154.18 mg/g (1.19 × 10^8^ cfu/mL = 3.97 × 10^10^ cfu/g). This is an indication that the surface of Ch-nHYCA**~1:5~** is heterogeneous with patches of active sites with equal energy [@bib0330]. However, based on the *r^2^* values, the Sips model best described the adsorption data for the adsorption of *S. typhi* by Ch-nHYCA**~1:5~** composite adsorbent from aqueous solution with an estimated maximum adsorption capacity of 83.65 mg/g (6.43 × 10^7^ cfu/mL = 2.14 × 10^10^ cfu/g). These all exceed the value of 1.5 × 10^6^ cfu/mL for zHYCA in our recent study^25^ indicating the better efficiency of the new composite adsorbent. Although, this model (Sips) does describe a heterogeneous adsorbent surface, yet at high concentration of the adsorbate, it forecast a monolayer adsorption capacity [@bib0175] which best describes our result for the adsorption of *S. typhi* by Ch-nHYCA**~1:5~** composite adsorbent in this study.

However, the *n~F~* values from the Freundlich model which are in the range of 1 to 10 is a proof of the favourable adsorption of the bacteria [@bib0335]. Furthermore, the *n~F~* values suggests that the interaction between these bacteria and Ch-nHYCA**~1:5~** composite adsorbent is a chemisorption process with the surface of the adsorbent being heterogeneous in nature [@bib0160].

The adsorption capacities of Ch-nHYCA**~1:5~** composite adsorbent (from Brouers-Sotolongo models) for the removal of these enteric bacteria from water are higher than those of acid-modified clinoptilolite (20--25 mg/g) [@bib0340] and commercial activated carbon (8.0 × 10^6^ cfu/mL) [@bib0345]. The adsorption capacities of Ch-nHYCA**~1:5~** composite adsorbent for these enteric bacteria compares favourably with values obtained by Camper et al. \[[@bib0350]\] who measured 5 × 10^7^ cfu of bacteria/g Granular Activated Carbon (GAC), Niemi et al. [@bib0355] who obtained 6 × 10^7^ to 10^8^ cfu of bacteria/g GAC dry weight and Borkowski et al., [@bib0360] that reported values between 0.22 and 8.26 × 10^7^ cfu/g SiC Nanofibers, SiC Nanorods and micrometric SiC. This suggests the strong potential of Ch-nHYCA**~1:5~** composite adsorbent for the removal of these enteric bacteria from water more so that the alert and action levels of these bacteria in natural water do not exceed 500 cfu/mL [@bib0320].

[Fig. 8](#fig0040){ref-type="fig"} shows the FT-IR spectra of unloaded and bacteria-loaded Ch-nHYCA**~1:5~** composite adsorbent. There is a strong contribution of Amide I band from proteins of these bacteria such that the peak at 1628 cm^−1^ [@bib0365], shows very strong intensity with the adsorption of these gram-negative bacteria \[[@bib0275], [@bib0370]\]. The shape of this band in the unloaded bacteria is different from that on the bacteria loaded composites. Similarly, the -O-H stretching vibration of Ch-nHYCA**~1:5~** composite adsorbent at 3418 cm^−1^ show strong intensity with the adsorption of these bacteria on its surface. The change in the intensity of the double peak at 2366 cm^−1^ in the bacteria-loaded composite adsorbents representing O = C − O vibration could indicate contribution of this functionality from cell wall component of the bacteria \[[@bib0375], [@bib0380]\]. All of these points to the fact that these test bacteria used in this study (*E. coli, V. cholerae and S. typhi*) were indeed adsorbed by the composite adsorbent.Fig. 8Fourier-Transformed Infrared Spectroscopy of unloaded and bacteria-loaded Ch-nHYCA**~1:5~** composite adsorbent.Fig. 8

An explanation for the bacteriostatic mechanism of Ch-nHYCA**~1:5~** composite adsorbent is not yet fully understood. However, the pH~pzc~ could be used to give some explanation. The pH~pzc~ of Ch-nHYCA**~1:5~** composite adsorbent is 8.45. Carrying out the adsorption of these bacteria (*E.coli*, *S. typhi* and *V. cholerae*) at a pH of ca. 6.1 suggest that the removal of these bacteria from solutions could be by electrostatic interaction since below the pHpzc, the composite adsorbent (Ch-nHYCA**~1:5~**) is expected to be positively charged. Chitosan presents positive charges density when the pH is lower than its pKa (6.5). In this case, the protonated amine groups (NH~3~^+^) at the C2 position in the glucose monomer of chitosan chains allow the formation of a polycationic structure, which can interact with anionic compounds and macromolecular structures of gram-negative bacteria \[[@bib0385], [@bib0390], [@bib0395]\]. It is, thus, believed that this kind of interaction triggers secondary cellular effects such as destabilization and subsequent disruption of bacterial membrane function via unknown mechanisms thereby compromising the membrane barrier function or causing cell lysis \[[@bib0400], [@bib0405]\]. Furthermore, it is expected that the ZnO will also play a role in the removal of these bacteria from solution via electrostatic interaction since below the isoelectric point of ZnO (pH 9--10), ZnO becomes ZnOH^+^ [@bib0410] for all zHYCA composite adsorbents. Nonetheless, it has been suggested that several other factors can be responsible for the antimicrobial nature of Chitosan including the polymer molecular weight and degree of acetylation [@bib0415], hydrophobicity and size of adsorbent, which could influence the adsorption of these bacteria onto an adsorbent [@bib0045].

4. Conclusion {#sec0120}
=============

This study demonstrated the treatment of microbial polluted water by adsorption technique using new modified hybrid clay composite adsorbents. Characterisation tests confirmed successful modification of hybrid clay composite with chitosan, ZnCl~2~ and commercial Alum. The results obtained show that chitosan modified hybrid clay (Ch-nHYCA**~1:5~**) adsorbent, an easily synthesized composite material, exhibited the highest microbial removal efficiency from the contaminated water. The isotherm study indicated that adsorption of bacterial occurred on the different adsorption sites on the external surface of the Ch-nHYCA**~1:5~** adsorbent. Interestingly, bacterial adsorption was deemed to be complete in reasonable time, unlike most literature reports where adsorption took longer time. Its adsorption capacity does compare favourably with commercial Granular Activated Carbon and Nanostructured SiC. This adsorbent could be further developed for use in Point-of-Use systems for households.

The sustainability of the Ch-nHYCA**~1:5~** composite adsorbent material stems from the fact that chitosan can be easily sourced from snail shells and other marine waste while Kaolinite is found in huge deposits around some developing countries including Africa. *Carica papaya* is an agro-waste which can easily be sourced especially in West Africa. The entire preparation process for the composite adsorbent is simple and easy to transfer.
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